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ABSTRACT
Two special techniques and one admixture, and combin­
ations of these, were investigated in a research programme 
designed to measure their effectiveness in increasing the 
compressive strength of high-strength concrete. The two 
special techniques were revibration and high-energy mixing. 
The admixture employed was a water-reducing admixture,
WRDA. Mixes were designed at water-ceraent ratios of 
0.30, 0,35 and 0,40 (by weight) and specimens were tested 
at 7 days, 28 days and 90 days. Revibration was found 
to be most effective in increasing the compressive strength 
of high-strength concrete.
A secondary purpose of the research programme was to 
investigate the validity of "Abrams' law” for our particular 
water-cement ratio range. Results of our programme 
verified this inverse relationship between compressive 
strength and water-cement ratio as stated by Abrams* law.
iv
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C H A P T E R  I
INTRODUCTION
It has long been known that it is possible to use 
p>ortland cement in ways that produce products having 
much higher ultimate strength or alternatively and 
perhaps additionally, having a comparatively high early 
strength. In ordinary concrete work the minimum spec­
ified compressive strength at 28 days may be in the order 
f from 2,000 to 5.000 psi.
Production of a high-strength concrete having a 
compressive strength consistently above 10,000 psi after 
days moist-curing requires careful selection of 
materials, mix proportions, mixing, placing, compacting 
~nd curing procedures. The most Important single 
i'actor affecting the producibility of high-strength 
concrete is, the achievement of an adequately low ratio 
f weight of mixing water to weight of cement in the 
.ixture; and the lower the required water-cement ratio, 
me greater will be the need for special procedures 
to obtain effective compaction.^
Although prestressing Is by no means the only use 
for which high-strength concrete is required, the 
development of this process has focused attention on
1
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the problems involved in producing concrete -with both 
a high ultimate strength and a high strength at an early- 
age. In ordinary work the need for high quality concrete 
arises more often from the requirements of durability 
or wear resistance than from need to resist very high 
stresses. Prestressed concrete on the other hand., is 
subjected to high working stresses, but with this process 
tne chief need is often for a material that will with­
stand the prestressing forces at a sufficiently early 
age to avoid costly delays in manufacture.^
High-compressive-strength concrete may have little
if any economic advantage in conventional reinforced
concrete construction in which steel of normal working-
suress limits is used. However, high-compressive-strength
concrete may be expected to have very important economic
advantages in arch and dome construction, especially
when the design requirements include resistance to
dynamic loadings of high intensity and particularly
1 8
where the structure is underground.
The absence both of a theoretical background, 
either an adequate theory of strength or an adequate 
theory of failure, and also a developed technology for 
one production and utilization of high-strength concrete 
makes it necessary to assume both that high-surength 
concrete may represent simple extrapolation from concretes
2
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of normal strength, and that high-strength concrete 
may involve relations that are other than simple ex­
trapolations based on normal-strengt’n concrete. Some 
of the data suggests that the extrapolation into the 
high-strength area will encounter a "ceiling" which 
cannot be exceeded by successive changes in proportions 
and materials of the same sort that have been found to 
be effective in raising strengths from low levels to 
medium levels. Other data suggest that no such ceiling 
exi st s.
Investigations carried out at the University of 
¥ m d s c r ^  in 1966 demonstrated that it is possible 
to produce high-strength mortar specimens of low water- 
cement ratios. The experimental programme was to 
evaluate the relative effectiveness of three special 
techniques (seeding, revibration, and high-energy 
mixing) and two admixture types (fly ash and water- 
reducing agents) in increasing the compressive strength 
of high-strength mortar. Increases in compressive 
strength were recorded in almost all cases ana the 
majority of mortar specimens had strengths in excess 
of 10,000 psi at 90 days.
This investigation will consist of adopting the 
most successful techniques from the preceeaing work 
and applying these techniques to concrete specimens of 
low water-cement ratios and optimum strength mix proportions.
3
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C H A P T E R  I I
FUNDAMENTAL PRINCIPLES FOR PRODUCING 
COMPRESSIVE STRENGTH IN CONCRETE
The extensive research that has taken place in the 
last several years in the field of concrete technology 
has resulted in a greatly expanded knowledge of the 
subject and there are now certain fundamental principles 
which have been developed and which can be set down 
regarding concrete and its properties.
This literature survey will attempt to list and 
recognize those principles which affect the most valuable 
property of concrete, compressive strength, most deci­
sively; namely, the inherent properties of the materials 
used, the proportions in which they are combined and 
cne manner in which they interact. These principles 
will be considered in the following order; 
a.) Characteristics of Cementing Medium
b) Characteristics of the Aggregate
c) Proportions of the Paste
a) Mixing
=) Compaction
f) Curing
g) Testing Factors
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a) Characteristics of the Cementing Medium
Portland cement is by far the most important 
cement in terms of the quantity produced. It is made 
by heating a mixture of limestone and clay, or other 
material of similar bulk composition, to a temperature 
at which partial fusion occurs. The product, which is 
called clinker, is ground and mixed with a few per cent 
of gypsum. The clinker contains four main phases: 
tricalcium silicate (C-^ S), dicalcium silicate (C2S) , 
tricalcium aluminate (CyO. and ferrite solid solution 
approximating to C^F.
In most countries where Portland cement is manu­
factured, several types are recognized, each having 
different characteristics. The most important variables 
are the rate of hardening, the rate and total extent of 
heat evolution during hydration, and the resistance of 
the hardened cement to attack by sulphate solutions.
These characteristics are influenced by the relative 
proportions of the four phases mentioned above, and by 
physical factors such as the fineness of grinding.33
Fig. 1 shows the development of compressive strength 
in pastes of each of the four compounds. The strength 
at early ages is due mainly to the C3S, but as hydration 
proceeds CgS becomes increasingly important. High early 
strength can therefore be obtained by increasing the content
5
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Fig. 1: Curves of compressive strengths against curing time
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of CjS. It can also be obtained by grinding the clinker 
33more finely. ^
The hydration of Portland cement is an exothermic 
process and the rate and total extent of heat evolution 
can be important, especially in the construction of 
dams and other large concrete structures. C3A and C^S 
make the largest contributions to the heat of hydration; 
in low-heac Portland cements, the proportions of these 
compounds are reduced. Some reduction in heat evolution 
can be effected by lowering the AI2O3 —  Fe203 ratio 
and thereby increasing the content of C^AF and lowering 
Ghat of C3A; this does not greatly affect the early 
scrength. Greater reduction in heat evolution can be 
oocained only by lowering the CjS content and increasing 
chat of CgS; lowers the early strength, but not
•che final strength.33
Concrete made using Portland cement cured at 
ordinary temperatures is susceptible to attack by 
sulphate solutions, which can cause it to expand and 
disintegrate. Some ground waters, as well as sea waters 
contain enough sulphate for this to be a serious problem. 
The ease of attack depends primarily on the C3A content, 
and sulphate-resisting cements contain reduced propor­
tions of this compound or none at all.
There are five main types of Portland cement manu-
7
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factured in Canada. Of these, Ordinary Portland, which 
has the A.S.T.M. description of Type I, is ty far the most 
important; the others are only made for special purposes.
We have already discussed the manufacturing of High 
Early Strength (Type III), Low Heat (Type IV), and Sulphate 
Resisting (Type V), cements. There also exists a Mod­
erate Heat of Hardening or Modified cement which has the 
A.S.T.M. description of Type II.
It should be mentioned that the Ordinary Portland, 
the High Early Strength and the Low Heat cements will 
all have approximately the same strength at the three 
month age. However, the ultimate strength of the Low 
Hea.t cement will generally be higher than that of the 
Ordinary Portland, while the ultimate strength of the 
High Early Strength cement may be lower than that of zhe 
Ordinary Portland. Thus by using Ordinary Portland 
cement we will be assured of a reasonably high early 
strength and also a reasonably high ultimate strength.
8
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
t>) Characteristics of the Aggregate
Since aggregates occupy approximately three-quarters 
of the volume of concrete, it is to he expected that the 
properties of aggregate have a major effect on the 
properties of concrete.^ Of immediate interest is the 
influence of these properties on strength.
Strength depends largely on the strength of the 
cement paste and on the bond between the paste and 
aggregate. The strength of the aggregate also affects the 
strength of the concrete, but for many aggregates the 
differences are relatively small as compared to those 
resulting from differences in strength of cement pastes
Z| -T q
in which they are used. Jones J stated tn&t aggregates
should have a crushing strength at least equal to that
cl the hardened cement paste.
The bond between the paste and aggregate tends to
set an upper limit on the strength of concrete that
can be obtained with a given set of materials. Bond is
due, in part, to the interlocking of the aggregate and
the paste owing to the roughness of the surface of the 
?1former. Bond is influenced by the surface texture and 
cleanliness of the aggregate. A rough-textured surface 
normally bonds better than a smooth surface. Coatings 
which adhere to the aggregate during mixing may interfere
9
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with bond. Many coatings have no deleterious effect.
Those which are removed during mixing have the effect of
augmenting the fines in the aggregates. Those which
remain on the aggregate particle surface after mixing
and placing have no particular effect unless they are of
such a nature so as to interfere with bond or are of
a chemical composition which will produce a deleterious
reaction with alkalis in cement. Clayey coatings will
normally interfere with bond, while non adherent dust
coatings increase the water demand as a consequence
h.
of the increase in rines.
Grading and maximum size of aggregate affect 
s crength only indirectly by their influence on the water 
requirements for a particular level of consistency.
?or the same water-cement ratios, different gradations of 
m e  same aggregate will produce essentially the same 
strengths. A grading which requires more water for a 
particular level of workability will, however, result 
necessarily in a higher cement content in a mix of fixed 
water-cement ratio. A decrease in maximum size of 
aggregate also results in a higher water requirement 
.ith its consequent influence on cement content.^?
Investigations by Walker^et al suggest that 
changes in maximum size of coarse aggregate involve 
two opposing influences on strength. As the coarse
10
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aggregate size is increased, the mixing water requirement 
is reduced, thus lowering the water-cement ratio and 
tending to improve strength. Apparently, at the sane 
time, inclusion of the large aggregate particles is in 
itself detrimental to strength, probably because of 
reduced surface area for bond and reduced total cross- 
section of particles to resist shear. For increases in 
size up to about in. the effect of reduced water
predominates and strength increases. Beyond this 
point the advantage of reduced water is more than offset 
by the large pieces of aggregate which, in themselves, 
cause strength reduction.
Particle shape exerts an influence mainly on the 
amount of paste necessary to achieve workability.
Flat and elongated particles require a greater paste 
content than rounded or cubical particles for the same 
workability. Significant savings in concrete costs
can be effected by keeping flat and elongated pieces to
■ - 1? a minimum. '
Collinsreported on work of the research organi­
zation of the Cement and Concrete Association (Great 
l__tain) and stated that the empirical approach to 
selection of proportions for concrete mixtures has been 
found to be much more successful than any fundamental 
or theoretical approach. For concrete having strengths 
of 7,000 psi or more, both the aggregate and the
11
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■workability play increasingly important roles and both 
set limits on the strengths obtained. The limit set by 
the aggregate generally lies in the range from 12,000 
to 15.000 psi.
The importance of the fine aggregate should not be 
overlooked. It was reported by Smith-^ et al that the 
use of coarse sand (fineness modulus of approximately
3.00) in high compressive strength concrete was desirable.
1 hKennedy developed this point further and pointed out 
that there is a general tendency for strength to decrease 
with decreasing fineness modulus.
We can now see that the characteristics of the 
coarse and fine aggregate significantly influence the 
properties of the concrete. This should make us increas­
ingly aware of the fact, that in the attainment of 
high strength concrete, careful consideration should be 
given to the aggregates used.
12
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c) Proportions of the Paste
The Importance of the proportion of water to cement 
in governing the strength of the paste has been recog­
nized for many years. The classical work on the subject 
was done by Abrams1 in rhe U.S.A. and he is generally 
credited with establishing the so called '‘water-cement 
ratio law". This law states that "with given concrete 
materials and conditions of test, the quantity of mixing 
water used per bag of cement determines the strength 
of the concrete, so long as the mix is of a workable 
plasticity". Abram's curve relating strength and water- 
cement ratio is given in Pig. 2.
Later work has shown that this curve is really a 
family of very closely spaced curves for different 
aggregate-cement ratios and different types of aggregate . 
but for practical purposes a single smooth curve covering 
all mixes can be considered adequate. Completely 
different curves exist for different cements, different
ages of testing, different curing conditions and
lodifferent methods of testing.
Nowadays the relation between strength and water- 
cement ratio is generally expressed as a family of 
curves for different ages and for average materials and 
this can be used to predict with reasonable accuracy the
13
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strength that would be obtained with different types 
of concrete at different ages. Abrams found that the 
water-cement ratio law applied only to workable concrete 
but it would be more accurate to say that it is true 
only if the concrete is fully compacted and does not 
apply when the hardened concrete contains air voids.
The water-cement ratio rule does not, however, 
include many qualifications necessary for its validity. 
In particular, strength at any water-cement ratio 
depends on the degree of hydration of cement and its 
chemical and physical properties; the temperature at 
which hydration takes place;the air content of the 
concrete; and also the change in the effective water- 
cement ratio and the formation of fissures due to 
bleeding.
It is more correct therefore, to relate strength to 
the concentration of the solid products of hydration 
of cement in the space available for these products; in 
this connection it may be relevant to refer to Pig. 3* 
P o w e r s has determined the relation between the strength 
development and the gel-space ratio. This ratio is 
defined as the ratio of the volume of the hydrated 
cement paste to the sum of the volumes of :he hydrated 
cement and of the capillary pores. The compressive 
strength of concrete tested by Powers^? was found to be
15
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3^,000 x3 psi, and is independent of the age of the 
concrete or its mix proportion. The actual relation 
■between the compressive strength of concrete and the 
gel-space ratio, x, is shown in Pig. it can be seen 
that strength is approximately proportional to the cube 
of the gel-space ratio, and the figure 3^.000 psi
represents the intrinsic strength of gel for the type
2.Sof cement and o'f specimen used.
The amount of water that is required to meet the 
chemical requirements of the cement cannot be stated 
in terms of simple, chemical formulae. However, for 
the present purpose it is sufficiently accurate to say 
that an average cement can combine with an amount of 
water equal to about one-fourth of its own weight.
Thus a water-cement ratio of about 0.25 is required 
for the chemical reaction of cement and water.
If the actual water-cement ratio of the mix is 
less than 0.38 by weight, complete hydration is not 
possible as the volume available is insufficient to 
accommodate all the products of hydration. Referring 
n  Pig. 3 we see that hydration is complete for water- 
cement ratios equal to and greater than 0 .38. l1OW0V’03T 
at water-cement ratios higher than about 0.38 the volume 
of the gel is not sufficient to fill all the space 
available to it so that there will be some volume of
1?
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capillary pores left even after the process of hydration 
has "been completed.
Thus it is self-evident from what we. have just 
written that for the water-cement ratio range of 0.30 
to 0.40, the range we will deal with, problems will 
arise which would not be ordinarily encountered at 
higher ranges. At water-cement ratios below 0.38 by 
weight, hydration will not be complete, resulting in 
some of the cement to act merely as expensive aggregate, 
whereas, for water-cement ratios above O.38, hydration 
will be complete but capillary pores will be present 
due to the deficiency of gel. Both of these factors 
result in potential strength decreases; however, we 
are not yet sure which of these factors will predom­
inate.
19
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d) Mixing:
The principal requirement with regard to mixing is 
that it be thorough so as to produce uniformity of con­
sistency, cement and water content, and aggregate grading 
from beginning to end of each batch. ‘'Mixing action" 
involves a working or vigorous rubbing of the cement 
paste onto the surface of the aggregate particles as 
well as a general blending of all ingredients. To 
accomplish this, the mixer must be properly designed 
and the process must be carried out for a sufficient 
length of time. I'o do the work within a reasonable 
time the mixer should be clean and in good condition, 
operated at the optimum speed as recommended by the 
manufacturer, fed efficiently, and not overloaded.^6
Small drum mixers are not well adapted to labora­
tory use, because proper mixing action is difficult to 
obtain and because too large a per centage of the mortar 
in a small batch sticks to the drum and to the blades. 
Recently, bowl-and-stirrer type machine mixers have been 
developed which are satisfactory for most laboratory 
work.36
With machine mixing there is an increase in strength 
of concrete with time of mixing up to perhaps 5 or 10 
minutes. For mixing times up to 1 minute, the increase 
in strength is large; with times in excess of 2 minutes
20
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there seems to "be insufficient gain in strength to 
justify the cost of longer mixing. The necessary mixing 
time varies with the size and depends somewhat upon the 
type of mixer.
21
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e) Compaction
The principal purpose of compacting concrete is 
to make it as dense as possible in order to obtain a 
strong structural material by reducing the number and 
size of air voids. These air voids, except for the 
ones which are purposely put in by means of adding an 
air entraining agent to the mixture, result from air 
getting entrapped in the fresh concrete during mixing 
and pouring operations and the drying out of water in 
the mix which is not used in the hydration process.
The importance of reducing air voids to a minimum is
O
shown in the graph of Fig. 5*
Klieger1? pointed out that the restriction, 
limiting the use of the water-cement ratio law to 
“plastic, workable'1 mixtures, properly, should be 
interpreted to mean “fully compacted mixtures with a 
minimum of entrapped air voids."
Compaction is effected by reducing the friction 
between concrete particles and between concrete and form- 
work. The two types of friction can be reduced by 
adding more water to the mix than is necessary for 
complete hydrauion of the cement and thus increasing 
the workability of the concrete. However this method 
results in an increase of air voids when the concrete
22
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dries out as it ages and consequently a decrease in 
strength. The object is therefore to reduce friction 
without increasing the water cement ratio beyond the 
amount needed for proper hydration of the cement and 
placeability.
Concrete can be compacted by employing any one of 
several methods. Some of the methods are applicable 
only to the manufacture of precast concrete products.
For instance compaction by exerting pressure on the mass 
of concrete and by spinning the moulds as well as the 
shock method can not be applied to in-situ concrete. 
Punning and vibration can be used for concrete poured 
in situ as well as on pre cast structures.
Until probably some fifteen years ago compaction 
on construction sites was largely done by hand punning 
with rods. In order to obtain satisfactory results 
the mix had to be of a rather wet consistency. Even 
then it was difficult to secure good density and 
satisfactory surface appearance. The principal advan­
tage of vibration is probably that concrete can be placed 
and compacted at low water-cement ratios giving an in­
crease in strength. The impermeability is increased as 
a result of a reduction of air voids. Drying shrinkage 
and creep which are also affected by the water-cement 
ratio are reduced and the bond between concrete and
2b
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reinforcing steel is improved. With proper compaction 
by vibration the surface appearance is improved as 
honeycombing is reduced or eliminated.
Various methods of vibration can be used for 
compaction depending on the equipment available, condi­
tions of placing, size of job, etc. Internal vibrators 
are most commonly used on construction sites and in 
pre-cast concrete plants.
External or form vibrators can be used on thin 
high wall sections, irregular shaped beams and many 
other structures where internal vibrators can also be 
used. They consist of a metal housing which is clamped 
to the form. Inside the housing a rotating eccentric 
weight causes the vibrations which are transmitted 
to the concrete through the forms. The forms therefore 
must be strong enough to withstand the vibration move­
ment as well as the pressure of the compacted fresh 
concrete.
Since the energy of vibration is transmitted 
through the forms, the energy produced by the vibrators 
is partly lost in shaking the forms so that these 
vibrators are less effective and therefore more expen­
sive to operate than internal ones.
Surface vibration is used on floor slabs, roads, 
air port runways etc. It consists of placing a vibrating 
beam over a certain width of concrete strip supported
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on both sides by rigid steel forms. The concrete is 
poured a certain distance above the forms and it is 
vibrated until the beam rests on the forms. The beam is 
moved forward by placing it ahead a distance of three- 
quarters of its width.
Vibrating tables are used in the production of 
pre-cast sections such as slabs and beams. They can 
be considered as a case of formwork clamped to the 
vibrator instead of the other way round, but the 
principle of vibrating the concrete and formwork together 
is unaltered. They consist of a very rigid metal table 
which is vibrated in a vertical motion by several 
vibrators mounted on the table. The moulds are bolted 
firmly onto the table in order to ensure good trans­
mission of vibrations to the concrete. Normally the 
vibrators are of the electro-magnetic type or electric 
motors. In order to reduce the power consumption 
to a minimum, the springs should be made of such a 
stiffness that the table vibrates at resonant frequency.
Vibrating tables have two advantages over ocher 
compacting equipment. First of all the vibrations are 
in the direction of gravity which ensures a very good 
compaction and secondly vibrations can be started as 
soon as filling of the moulds has started and all 
concrete is continuously vibrated while the forms are 
filled.
26
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The importance of complete compaction of concrete 
is illustrated in Fig. 6. With very high strength 
concrete compaction is often the crux of the whole 
process of manufacture. The problem would be compara­
tively easy to solve if it were permissible to use 
extremely rich mixes, as the concrete would then be 
quite workable with low values of water-cement necessary 
to give the strength desired. But very rich workable 
mixes are undesirable for technical reasons as they 
generally produce a concrete having high shrinkage 
and moisture movements. In order to use low water- 
cement ratios with mixes of reasonable proportions 
it is necessary to be able to compact concrete of very 
low workability and vibration is nearly always essential.
27
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f) Curing;
The last step, and an exceedingly important one 
in the manufacture of concrete, is curing. As hydration 
of cement takes place only in the presence of moisture 
and at favourable temperatures, these conditions must 
be maintained for a suitable time interval called the 
curing period.36
Strength and indeed all the desirable properties 
of concrete, are dependent upon the degree of hydration 
of the cement and the volume concentration of hydrated 
cement in the space available to accomodate it. Curing 
may be described as the maintenance of a degree of 
saturation in the cement paste for the period of time 
necessary to develop the required volume concentration 
of new solids.^9
Curing procedures should be such as to keep the 
concrete as nearly saturated as possible until the 
originally water-filled capillary space has become 
filled with hydration products to the desired extent.
For maximum hydration the concrete must be kept saturated 
because hydration products form only in the -water- 
filled capillaries in the cement paste. Loss of water 
from the paste for any cause reduces the water-filled 
space available to accomodate hydration products. As 
concrete hydrates water is removed from the capillaries
29
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by the hydration reaction (the cement and water combine 
chemically) and self-desiccation occurs. Its effect is 
to slow down and eventually stop the reaction. Hence, 
Portland cement can undergo optimum hydration only if 
a sufficiently high degree of saturation of the paste 
is maintained to keep the capillaries full or nearly 
full of water. The effect of self-desiccation is felt 
more severely with richer than with leaner concretes.^
According to Orchard,22 curing methods may be 
divided into three broad categories. The first method, 
curing by ponding, is perhaps the oldest and most 
effective method. It is applicable chiefly to flat 
horizontal slabs and consists of impounding about 2 
inches of water over the concrete to prevent or counter­
act evaporation. In cases where the concrete cannot 
be covered by water another very effective method is 
to cover with burlap or other material which is kept 
continuously wet. These methods still produce better 
results as far as the quality of the concrete is con­
cerned than perhaps any other methods.
The principle of the second method is that adequate 
curing can be obtained by preventing the evaporation 
of the water contained originally by the concrete. 
Covering the concrete with waterproof paper is quite 
effective but if loss of moisture takes place due to
30
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delay in applying the covering this loss is not made 
good by subsequent curing as in the case of covering 
of wet burlap.
The high rates of laying of concrete now achieved 
have made methods involving covering the concrete with 
burlap, paper or other forms of mats extremely difficult 
and inconvenient, and for that reason covering with 
impervious membranes, such as bituminous compounds, 
coal tar, rubber latex, plastic compounds, by spraying 
has been developed.
The third method, curing effected by the artificial 
application of heat, is of use chiefly in the manufac­
ture of concrete products where curing can be acceler­
ated easily by placing them in a chamber at elevated 
temperatures. It is essential that the atmosphere 
should be damp to prevent drying of the product and the 
admission of steam to the curing chamber is a convenient 
way of meeting the double requirement.
Klieger1? noted that although early strength 
is increased by elevated temperatures of mixing and curing 
later strengths are reduced by such temperatures.
According to Smith^l et al, continuous moist curing 
of the concrete for at least 28 days is necessary to 
develop compressive strengths in excess of 10,000 psi 
at 90 days.
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s) Testing Factors
i Specimen vs. Structures. Tests of relatively 
small specimens under standard conditions are '-admitt­
edly imperfect measures of strength of concrete in 
structures, which are exposed to a composite variety 
of stresses and other conditions affecting strength. 
However, standard tests are probably sufficiently 
accurate for practical purposes of structural design 
and job control. In general, load tests on structures 
and on specimens of hardened concrete from structures 
indicate higher strengths than those obtained from 
standard specimens; hence standard methods are consid­
ered to be conservative.36
ii Effect of Size. Neville20 pointed out that the 
strength of a brittle material can be defined as the 
critical state of stress at which fracture occurs. He 
noted that the actual stress at fracture is considerably 
lower than the theoretical strength estimated from 
molecular cohesion and calculated from surface energy.
He suggested that the Griffith theory relating to 
cracks and flaws which lead to high stress concentra­
tions and local fracturing while the average stress is 
low can be invoked not only to account for the low 
actual strength of such materials, but also for the 
observed effects of specimen size on indicated strength
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of concrete. He suggested that as specimen size increa­
ses, the probability of the presence of a critical 
flaw of critical location and orientation likewise 
increases. Thus as specimen size decreases strength 
increases.
iii Specimen Shape and Proportion. In the United 
States, reference to the compressive strength of 
concrete are assumed to refer to results of tests made 
on moulded cylinders having a height equal to twice 
the diameter, generally 6 inches In diameter and 12 
inches in height. When the ratio of length to diameter 
is less than 2 for cylindrical specimens such as drilled 
cores, ASTM designation C^2^ provides that the cal­
culated compressive strength be reduced by a correction 
factor taken from the following tabulation:
Ratio of Length Strength
Diameter Correction Factor
2.00 1.00
1.75 O .98
1.50 O.96
1.25 0.94-
1.10 0.90
1.00 0.85
0.75 0.70
0.50 0.50
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The validity of this approach and of the use of 
these values has been questioned, and it has been noted-^ 
that the magnitude of the correction ■will depend on 
age, strength, mixture constituents and proportions, 
and moisture content.
Thaulow3^ cited work showing less spread in test 
results obtained on cylinders compared with those on 
cubes, and showing that a cylindrical specimen repres­
ents more closely the concrete strength in a column 
than does a cube.
iv Effect of Moisture Content of Specimen. A compre­
ssion specimen tested in the air-dry condition will 
exhibit 20 to ^0 per cent higher strength than that of 
corresponding concrete tested in a saturated condition. 
This occurs probably because of (1) the greater density 
of dry (and therefore contracted) paste, (2) initial 
tensile stresses in the paste due to localized restraint 
of paste shrinkage by pieces of aggregate, and (3) 
possible development of hydrostatic pressure in satu­
rated paste. Therefore the usual standard requirement 
that compression specimens be saturated at time of
test is conservative
v Effect of Rate of Loading. The more rapid the 
"static" loading of concrete, the higher the observed 
strength. At loxtf stress rates there is an increase.
3^
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in strength with tine due to creep, thereby, causing the 
specimen to fail at much lower stress than it would have at 
a higher loading rate. Within the range of customary test­
ing procedure, however, the effect is not large.3&
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Summary
The most important single factor affecting the 
producibility of high-strength concrete is the achieve­
ment of a low water-cement ratio. This water-cement 
ratio should lie somewhere in the vicinity of 0.38 by 
weight, due to the fact that below this value, complete 
hydration of cement is not possible and above this 
value, capillary cavities will remain unfilled with 
the products of hydration. Both of these cases will 
result in potential strength decreases.
The limiting water-cement ratio for greatest 
compressive strength will be determined by the compac­
tion efficiency of our equipment. A water-cement ratio 
will be reached at -which any subsequent decrease in 
water-cement ratio will cause reduction in strength 
due to insufficient compaction effort. Vibratory 
means of compaction seem to be the most promising 
method of compaction.
There are three Portland cements, Ordinary,
High Early Strength and Low Heat, which would probably 
be satisfactory for use in producing high-strength 
concrete. But as we have learned, the Ordinary Portland 
cement is a compromise between the other two cements 
mentioned when both early and ultimate high strengths 
are considered.
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Since the bond between the paste and aggregate 
tends co set the upper limit on the strength of concrete, 
ic will suffice that the aggregates have a crushing strength 
&: least equal to the hardened cement paste. Maximum 
s.ze of aggregate appears to be more important than 
grading. It was pointed out that for smaller maximum 
size aggregates higher strengths prevailed.
The principal requirement with regard to mixing 
is that it be thorough so as to produce uniformity of 
consistency, cement and water content, and aggregate 
grading from beginning to end of each batch.
The last step, and an exceedingly important one 
in the making of concrete, is curing. It becomes 
apparent that if we want ultimate high strength hand 
in hand with early high strength then continuous moist 
curing by ponding is more beneficial than steam curing 
or any other means of curing.
With regard to testing, we have found that standard 
tests are sufficiently accurate to predict strengths 
in actual structures. Test data on strength can only 
be compared when specimen size, shape, proportion and 
moisture content have also been compared.
Thus high strengths depend upon a balance of 
several properties; a low water-cement ratio, excellent 
compaction of a mix designed for density and careful 
curing.
37
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CHAPTER III 
NEW METHODS FOR INCREASING COMPRESSIVE 
STRENGTH OF CONCRETE
In the production of simple b-ingredient concrete, 
cnce the fundamental principles have been considered 
and applied, the concrete will attain some potential 
strength after a given period of time. In recent 
years a number of new methods have been introduced 
which allow concrete to reach its potential strengths 
sooner and/or which attempt to increase the ultimate 
potential strength of this material.
These new methods involve the use of special 
mixing and compacting techniques, and admixtures; some 
of these will be discussed in detail in the following 
order;
a) Revibration
b) High-energy Mixing
c) Water-reducing Admixtures
38
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Revibration
Since the first patent on Portland cement, in 18 2*+, 
the concept that the set of "green*' concrete should 
not be disturbed has prevailed among engineers. No 
information is known to be available in technical 
publications that indicates investigation of this 
traditional opinion; and it is still largely held today 
that any disturbing of the initial hardening process 
of concrete is unsound practice. The opinion is reflected 
in such standard requirements as the limited period of 
time permissible between mixing and placing of concrete, 
and by the limiting of time between pourings of success­
ive batches.^®
Yet, for years, some engineers have, upon occasion, 
found it necessary to disturb the hardening process, 
often with no apparent detrimental effects upon the 
properties of the finished job. This has happened 
when the delivery of concrete to a partially complete 
pouring has been somehow delayed, thus presenting the 
problem of avoiding cold joints. In many such instances, 
the problem has been overcome by having workmen tamp 
and agitate the surface of the concrete, often for 
several hours, until fresh concrete has arrived. The 
practice has been quite successful, in direct contra-
39
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diction to the traditional opinion concerning the 
hardening process.
3
A.C.I. Committee ol4 reported that inadvertent 
or intended revibration of concrete any time before the 
concrete becomes so far set that it will not again 
become plastic by continued vibration, is not detri­
mental but may actually increase the strength of the 
concrete and its bond with reinforcing bars.
Revibration has been found to be beneficial rather 
than harmful, provided the concrete is again brought 
back to a plastic condition. Revibration may be 
accomplished by immersion-type vibrators, by form 
vibrators, or by transmittal of vibration through the 
reinforcement system. Revibration could be more widely 
practiced to eliminate settlement cracks and the 
internal effects of bleeding.9
The Research Committee of the Institution of Civil 
and Structural Engineers^, on the other hand, showed 
that if concrete was revibrated for 3 minutes, after 
being allowed to remain undisturbed for various periods 
up to 1? hours from the initial vibration, the strength 
at 7 days was effected little irrespective of the 
water-cement ratio. This finding does not however 
agree entirely with the results of other experimenters. 
It was found by Purandare^9 that the 7 day strength was
40
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Increased considerably by revibration after 2 hours 
but that revibration 5 hours after the initial vibration 
produced little effect. Tuthill and Davies^ found 
that appreciable increases in strength were obtained by 
revibration up to 5 hours after casting provided the 
concrete became plastic, also Bastien^ found that revi­
bration at periods up to ^ hours after casting could 
increase the strength at 2 to 3 days considerably.
O Q
Vollick studied the effects of revibrating 
concrete. He concluded that revibration increased the 
28-day strength of concrete by an average of 13*8 per 
cent for his particular tests, and that maximum strength 
gain is obtained when the concrete is revibrated 1 or 
2 hours after placing.
Thomson-^ who worked with mortar specimens, poin­
ted out that '‘revibration appears to be most effective 
in the low w/c ratio mixes and at the 28-day test age, 
but the results for this technique were rather Incon­
clusive1 .
In disturbing the hardening process of the concrete 
by revibration it is, of course, principally the mortar 
and not the course aggregate that is affected. However, 
there is little reason to believe that tests on mortar 
alone would reliably indicate the properties of the 
concrete. In order for the strengths to be increased
*4-1
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by revibration, either of two conditions would have 
to be fulfilled: (l) the mortar and concrete would 
be more densely consolidated, thereby permitting more 
advantageous deployment of the hydration products, 
or (2) the vibratory disturbances in some way would 
accelerate and extend the production and consequently 
increase the strengthening hydrates at the particular 
ages up to 9O days.30
Since the initial structure of the gel is deter­
mined by either the C^A or the C3S, whichever hydrates 
first, revibration can affect the strength of concrete. 
In a normally retarded set, the C3S is presumed to 
hydrate first and to establish the primary or principal 
structural bonds. If, on the other hand, the C3A 
hydrates first, revibration may displace this weaker 
structure and allow the normal structure of the C3S 
to develop as in an otherwise normally retarded set.
The extent of hydration of C3S is relatively insig­
nificant up to 4 to 6 hours while that of the C^A 
may be almost complete within 10 hours. 'Ihese factors 
could have significant influence on the rate of strength 
development as well, and even on ultimate strength.
U-2
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High Energy Mixing
Slurry mixing has aroused limited interest in the
ready-mixed concrete industry. The process involves
the advance preparation of a cement-water mixture which
is then blended with aggregate to produce concrete.
Experimental data, largely developed in other countries,
have suggested benefits from this procedure in reduced
mixing water requirement and improved strength. The
benefits are presumably attributable to more efficient
hydration of the cement resulting from the more intimate
contact between cement particles and water achieved in
7
the vigorous blending of cement paste.'
To get an idea of the order of magnitude of this 
effect, limited tests were made by Bloem?, first on 
mortar and then on concrete. In the mortar tests, 
standard mixtures of constant water-cement ratio were 
made using three mixing procedures: (l) hand-mixing 
of the water and cement prior to addition of the sand;
(2) slow-speed mechanical mixing of the cement paste 
in the type of rotary mixer specified by A.S.T.M. for 
making standard mortars; and (3) high-speed mixing of 
the cement-water paste in a blender similar to a milk 
shake mixer. For all three methods, elapsed times for 
the various stages of mixing were maintained the same as
^3
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was the procedure for blending the sand with the cement 
paste. The latter was accomplished in the mechanical 
rotary mixer.
Mechanical mixing of the cement-water slurry at 
slow speeds produced no change in the properties of 
the mortars from those attained by hand-mixing.
Average flows, densities and strengths were identical 
within the limits of testing error. Mixing of the 
cement-water slurry at a very high-speed, on the other 
hand, did alter the properties of the mortar. There 
was a slight but measurable increase in fluidity and 
a slight increase in the average weight. The high- 
energy mixing improved the mortar compressive strength 
at all ages, the average being 13 percent above either 
the hand-mixing or slow speed mechanical mixing.
The tests conducted by Bloem dealt with mortar 
specimens at a water- cement ratio of 0.60. Thomson35 
followed much the same procedure as Bloem but dealt with 
mortar mixes whose water-cement ratios were in the 
range of 0.31 to 0.39 "by weight. He concluded from 
his results that "high-speed slurry mixing produced 
significant strength increases at the 7-day age and 
somewhat higher strengths at 28 days but at 3 months 
che effect appeared negligible."
The results of the mortar studies by Bloem?
k4
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naturally aroused curiosity as to whether or not 
similar effects could be developed in concrete. 
Comparisons were made between concretes completely 
hand-mixed in the conventional manner and similar 
concretes for which the cement and water were pre­
mixed at high speed.
For the batches with pre-mixed slurry, the cement 
and approximately 80 percent of the total required 
mixing water were combined by mixing for 3 minutes in 
a high speed blender. The slurry was then mixed by 
hand with the sand and gravel to which the remainder 
of the water had already been added. The completely 
hand mixed batches were prepared in the usual manner 
by adding the mixing water to the combined solid ingre­
dients. For both mixing conditions, the elapsed time 
from the addition of water to cement until the start of 
molding specimens was maintained constant at 10 minutes.
Results showed that the effects of high-energy 
slurry mixing on consistency were not as pronounced 
as had been the case for mortar. There was no visually 
detectable difference in slump produced by the two 
procedures. Neither were concrete densities or air 
contents affected. There was a significant increase 
in compressive strength for the high-energy mixing, 
averaging 10 percent over hand mixing. The strength
45
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advantage was essentially constant in terras of pounds 
per square inch at all three test ages, with the result 
that the percentage difference decreased from 13 per­
cent to 6 percent as strength level became higher with 
age.
n
In conclusion Bloem' states that improvement in 
strength from the high-speed mixing is of interest 
although the significance of our data in a practical 
sense is questionable. The mixing energy expended 
in preparing the slurries may have been higher per 
unit volume than would be practical of attainment for 
large batches under field operating conditions.
As demonstrated in the mortar tests, it was not simply 
a matter of pre-blending the cement and water; to achieve 
strength improvement, it was necessary that the blending 
be done very vigorously. It is clear that certain 
operating and handling problems would be introduced 
by the application of this method to regular production. 
However, the fact that the method has been applied In 
ready-mixed operations suggests that, in some cases, 
the improvements in the concrete may be sufficient 
to outweigh the practical disadvantages.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Water Reducing; Agents
Certain organic compounds or mixtures of organic 
and inorganic compounds are used as admixtures for both 
air-entrained and non-air-entrained concrete to reduce 
the water requirement of the mixture or to retard the 
set, or both. Generally, the effect of the use of 
these materials on the hardened concrete is improved 
compressive strength. A reduction in water-cement 
ratio increases the strength of the concrete, but 
the gain in compressive strength frequently is greater 
than is indicated by that relationship alone.
The materials that are generally available 
for use as water-reducing admixtures fall into four 
general classes: (l) lignosulfonic acids and their 
salts; (2) modifications and derivatives of ligno­
sulfonic acids and their salts; (3) hydroxylated carbo- 
xylic acids and their salts; and (^ ) modifications and 
derivatives of hydroxylated carboxylic acids and their 
salts.
The principal active component of the admixtures 
are surface-active agents. These are substances which 
are concentrated at the interface between two immiscible 
phases and which alter the physico-chemical forces 
acting at this interface. The substances are adsorbed
^7
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on the cement particles, giving them a negative charge 
xtfhich leads to repulsion between the particles and results 
in stabilizing their dispersion. In addition, the charge 
causes the development about each particle of a sheath 
of orientated water molecules which prevent a close 
approach of the particles to one another. The particles 
have therefore, a greater mobility, and water freed from 
the restraining influence of the flocculated system
becomes available to lubricate the mix so that the
2ftworkability is increased.
One effect of dispersion is to expose a greater 
surface area of cement to hydration, which progresses 
therefore at a higher rate in the early stages. For 
this reason, there is an increase in the strength of 
concrete, compared with a mix of the "same" water- 
cement ratio but without the admixture. A more uni­
form distribution of the dispersed cement throughout the 
concrete may also contribute to improved strength.
The influence of such admixtures on strength 
varies considerably with the composition of cement, 
the greatest increase in strength occuring when used 
with cements of low alkali or low C^A content. With 
some cements the influence of admixtures is very small, 
but In general terms admixtures are effective with 
all types of Portland cement.21
kQ
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Water-reducing admixtures are used to improve the
quality of concrete, obtain specified strength at lower
cement content, or to increase the slump of a given
mixture without increase in water content. They also
may improve the properties of concrete containing
aggregates that are harsh, or poorly graded, or both,
or may be used in concrete that must be placed under
2
difficult conditions.
All such benefits are usually based on results 
from tests on concrete mixes with w/c ratios greater 
than about 0.4-5 by weight. Little has been said about 
the use of water reducing agents at lower w/c ratios. 
Thomson-^ investigated mortar mixes with w/c ratios 
ranging from 0.31 to 0.39 hy weight and containing 
water-reducing agents. He showed that water-reducing 
agents could effectively lower the water requirement 
of low water-cement ratio mixes and that their greatest 
beneficial effect on strength appeared to be in the 
early ages and at the higher w/c ratios.
Swenson-^, however, concludes that good concrete 
can be made without the use of admixtures. Admixtures 
may provide some quality benefits in special situations 
but many such cases can be equally aided by better 
practice and control. Except in very special situations 
the use of an admixture specifically to reduce cement 
requirements has a questionable merit.
4-9
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Summary
Of the three principles just discussed, all claim 
to achieve increases in the potential compressive 
strength of concrete at various ages.
Revibration causes the formation of a stronger 
initial gel structure and further consolidation of 
the concrete.
High-energy mixing is claimed to provide more 
intimate contact between water and cement in the 
vigorously pre-mixed slurry, resulting in more efficient 
hydration and, consequently, better strengths.
Water-reducing admixtures, by lowering the water 
requirement for a given consistency, are known to 
produce increased compressive strengths. Some autho­
rities claim that the increased compressive strength 
afforded by the water reducing admixture is greater 
than would be expected from the amount of water 
reduction produced.
Evidence of strength increases through the use 
of these techniques has been shown when applying 
them in the normal strength ranges. Some work has 
been done in the high-strength range with water-re­
ducing admixtures. Thomson-^ investigated these 
techniques in the high-strength range using mortar 
mixes rather than concrete mixes. Thus, there is a
50
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lack of proof, for assuming that these techniques and 
combinations of techniques will effectively increase 
compressive strengths of concrete in the high-strength 
range; this is the primary purpose of the experimental 
programme of studies.
51
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CHAPTER IV
PRELIMINARY STUDIES
Introduction
The need for preliminary studies was twofold.
First of all, it was necessary to proportion and 
establish concrete mixes, at various water-ceraent 
ratios, which would assure usidxCf'a satisfactory 
high level of compressive strength. Secondly, it was 
necessary to Investigate and develop the procedures 
employed in the main programme of studies.
(A) Mix Design
For the purpose of predetermining the proportions 
of materials to produce mixes of desired properties, 
a number of methods have been developed. In our work 
the A.C.I. method of proportioning was used which is 
empirical in the sense that it depends on data tab­
ulated from observation of a large number of trial 
mixtures. Since these mixtures had probable compressive 
strengths in the normal strength range (2,000 to 6,000 
psi at 28 days), some departure from this method was 
necessary in order to attain strengths in the high- 
strength range. This departure consisted primarily 
of using lower water-cement ratios and higher cement
52
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contents and consequently higher mixing-water require­
ments .
Mixes were designed and made using water-cement 
ratios of 0.30, 0.35. 0.^0 said 0.^5 by weight. For 
each water-cement ratio the mixing-water requirement 
was varied from ifO to ^8 U.S. gal. per cu. yd. The
air content was assumed to be 2% and the volume of
dry-rodded course aggregate per unit of volume of 
concrete was established at a value of 0.39* Each 
mix was then cast in four 3“ X 6” cylinders and 
covered with wet burlap for 2^ hours. The cylinders 
were then stripped and water cured for 6 additional
days until time of test.
Discussion of Results
The results of this study are shown in Fig. 1 
where compressive strength is plotted against the 
mixing-water requirement. It can be seen that for 
each water-cement ratio there was an optimum mixing- 
water requirement which will give the highest com­
pressive strength. These results formed a basis for 
proportioning the mixes used in the main programme 
of studies, since a high-strength level w.a.s now assured.
53
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(B) Development of Procedures
The three techniques used in our main programme 
of studies were revibration, high-energy mixing and 
the use of a water-reducing agent. The procedures 
for all three had to be investigated and established.
a) Revibration. The procedure for revibration in­
volved establishing the time and duration of revibra­
tion. Both of these quantities were determined 
through the results of others and through efforts of 
our own.
b) High-energy Mixing. This technique required
a procedure which insured vigorous blending of the 
cement-water slurry and proper mixing of all the 
ingredients.
Two types of high-speed mixers were investigated; 
a converted milk shake mixer (10,000 rpm) and an air 
drill (19,000 rpm). The large reduction in speed of 
the mixers due to the low water-cement ratio suspen­
sions dictated the use of the air drill.
Two procedures for proper mixing of all the 
ingredients were investigated. The first procedure 
involved high-speed mixing the cement-water slurry 
in a separate small container using only about 80% 
of the mixing water and then adding this slurry to the
55
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aggregates in the concrete mixer with the aid of the 
remainder of the mixing water. This procedure ensured 
a vigorous and thorough blending of the cement and 
water but it was unsuccessful since a large percentage 
of paste remained in the small container.
Thus, the second procedure was attempted. This 
involved high-speed mixing the cement- we_ter slurry 
in the concrete mixer and then adding the aggregates 
by regular operations. This procedure did not allow 
us to blend the slurry as efficiently as in the small 
container but no loss of paste 'v*»sulted.
C') Water-reducing Admixture. The dosage of water- 
reducing admixture and the amount of mixing-water 
reduction were the two factors that had to be establi­
shed. The dosage of water-reducing agent was that 
recommended by the manufacturer. The mixing-water 
reduction was determined by using a flow table and 
reducing the mixing-water until a flow was attained 
which was equivalent to that of a standard mix with 
the same mix proportions. Thus, the mix containing 
the water-reducing agent had the same workability as 
the standard mix.
A detailed step by step description of the 
final procedures established for all three techniques 
is given in Chapter VI.
56
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CHAPTER.V
EXPERIMENTAL PROGRAMME
The primary purpose of this experimental programme 
was to evaluate the effectiveness of two special 
techniques (revibration and high-energy mixing) and 
an admixture (water-reducing agent), and combinations 
of these, in increasing the compressive strength of 
high-strength concrete mixes, at various water-cement 
ratios and at various ages. The secondary purpose 
was to investigate the compliance of these high- 
strength mixes with the water-cement ratio law, 
especially, in view of the fact that water-cement 
ratios above and below the critical water-cement ratio 
of 0.38 were included in this programme.
Outline of Programme
A summary of the experimental programme is shown 
in Table 1. There are three basic mixes ( (1), (3) 
and (5) ) each of which is revibrated ( (2), (^ ) and 
(6) ) giving rise to six different groups of mixes.
(1) Standard mix
(2) Standard mix revibrated
57
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(3) Mix involving high-energy mixing of cement 
and water slurry
(4) High-energy mix revibrated
(5) Mix containing water-reducing admixture
(6) Water-reducing admixture mix revibrated 
These six mixes were produced at three water-
cement ratios. Enough cylinders were cast to provide 
for six specimens at each of the three testing dates 
(7 days, 28 days and 3 months). Thus the total number of 
specimens was 324 cylinders (6 mixes X 6 specimens per 
mix X 3 w/c ratios X 3 testing ages).
58
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TABLE 1: Summary of Experimental Programme
WATER-
CEMENT
RATIO
AGE
CD
STANDARD
(2)
REVIBRATION
(3)
HIGH-
ENERGY
MIXING
(H.E.M.)
(4)
H.E.M.
PLUS • 
REVIBRATION
(5)
WATER-
REDUCING
ADMIXTURE
(WRDA)
(6)
WRDA
PLUS
IEVIBRATION
0.30
7 Days 6 Cylinders 6 Cylinders 6 Cylinders 6 Cylinders 5 Cylinders 6 Cylinders
28 Days 6 6 6 6 3 " 6
90 Days 6 " " 6 , " 6 6 3 ' 11 6
0.35
7 Days 6 6 6 S 3 • " 6
28 Days 6 6 " 5 5 3 6
90 Days 6 6 6 " 3 3 " 6
0.40
7 Days 6 6 5 ■ " 3 3 6
28 Days 6 6 " 5 3 " - 3 6
90 Days 6 6 5 3 " 3 6 "
Water-Cement Ratios and Mix Proportions
The water-cement ratios and mix proportions were 
established with the aid of our preliminary studies. 
The water-cement ratios chosen for the programme were 
0.30, 0.35 and 0.40 by weight. The mix proportions 
for each water-cement ratio are given in Table 2 and 
are expressed on a percentage by weight basis. The 
mixing water requirement was established at 46 gal/yd-^
TABLE 2 
Mix Proportions
w/c 0.30 0.35 0.40
% water 9-7 9.8 9.8
% cement 32.3 27.9 2 4.6
% fine agg. 32.0 36.1 39-5
% coarse agg. 26.0 26.2 26.8
60
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Materials
a) Cement. Ordinary Portland Cement (Type I.) was used 
throughout the programme. The physical analysis
of the cement is presented in Table 1, Appendix A.
b) Fine Aggregate. The fine aggregate was a well- 
graded sand from the West pit at Paris, Ontario. This 
sand conformed to the A.S.T.M. specification C 33-6^ 
and properties of the sand are given in Table 2, 
Appendix A. Also, a grain size distribution of the 
Paris sand is shown in Fig. i, Appendix A.
c) Coarse Aggregate. The coarse aggregate was Dundas 
Dolomite, a member of the Limestone group, generally 
considered a good quality concrete aggregate. Prop­
erties of the coarse aggregate are presented in Table 
3, Appendix A.
d) Water-Reducing Admixtures. The water-reducing 
admixture utilized in this programme was WRDA, a 
product of Grace Construction Materials. WRDA is an 
aqueous solution of highly purified salts of lignin 
sulfonic acids, containing a catalyst which counteracts 
the normal hydration-retarding effect of dispersing 
admixtures. The recommended addition rate.is 6.5 
fluid ounces of WRDA (Imp. Measure) per sack of cement 
(87| lbs.). Reduction of the mixing-water was esta­
blished at 6% by weight.
6l
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
e) Air Detraining; Agent. The air detraining agent 
employed was A.D.A. 102, a product of Master Builders 
Company. The recommended dosage is 10 c.c. per bag 
of cement (8?^ lbs.).
62
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CHAPTER VI
EXPERIMENTAL PROCEDURES
The procedures involved in mixing, placing, 
compacting, curing and testing the concrete specimens 
are presented in the following paragraphs.
Mixing
(1) General Procedure. The preliminary studies 
relating to mix design were carried out using the 
lh cu. ft. drum-type laboratory mixer. When using 
this mixer the dry ingredients were thoroughly mixed 
before the addition of the mixing water. Initially, 
all the mixes in the final programme were prepared 
using a Blakeslee three-speed mixer (2/3 cu. ft. 
capacity, with speeds of 102, 180 and 354 R.P.M.).
The water was added to the cement in the mixing bowl, 
then the sand was mixed thoroughly with the paste 
and finally the coarse aggregate was added to the 
former ingredients. The first seven-day tests showed 
that compressive strengths of the standard specimens 
with water-cement ratios of 0.40 and 0.35 were nearly 
the same as those indicated by the preliminary studies, 
whereas, those with a water-cement ratio of 0.30 
displayed a significant drop in strength as well as
63
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Picture Is Blakeslee Three-Speed Mixer.
Picture 2: Drum-Type Laboratory
Mixer.
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Picture Ji VIBCO Table Vibrator.
Picture 4: Prom left: Steel Mould, Steel
Mould with Rubber Fitting, Plow 
Table. Front: Air Drill.
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a wide sciatter in test values. While it was not 
possible to detect any significant difference in mixing 
efficiency between the two mixers, for some reason, 
the Blakeslee mixer did not seem to perform as efficient­
ly as the drum mixer for the lowest water-cement 
ratio mix (0.30). It was decided, therefore, to 
repeat the 0.30 water-cement ratio mixes using the 
(original) lab arum-type mixer.
(2) High-energy Mixing. The water and cement were 
mixed till a uniform consistency was established.
The resulting paste was then mixed vigorously for 
ten minutes with the high-speed air drill (19,000 
R.P.M.). The aggregates were then added to the paste 
by the normal procedure.
(3) Water-reducing Admixtures. The WRDA along with 
the air Retraining agent was measured out and added 
to the mixing water. The usual procedure was then 
followed.
Placing and Compacting
Six 3“ X 6" cylinders were moulded from each 
batch of a standard mix, a high-energy slurry mix, 
or a water-reducing admixture mix. In all cases 
the six moulds were placed on the VIBCO table vibra­
tor (model U.S. ^50. 10,000 V.P.M., vertical circular 
vibrations) and not removed at any time during the
66
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filling and rodding operations. The concrete was 
placed in five layers. After each layer the concrete 
was rodded twelve times. A rubber tube fitting was 
added to the top of each mould to allow for an excess 
of concrete so that the last layer of concrete could 
be compacted just as efficiently as the intermediate 
layers. After the moulds were filled they were left 
on the vibrating table for an additional ten minutes, 
after which time the rubber fittings were removed 
and the concrete was worked flush with the top of the 
moulds. Then, three of these six cylinders were 
revibrated, after some period of time, giving rise 
to two groups of three cylinders from one batch which 
provided one cylinder for each of the three test ages 
(7 days, 28 days and 3 months) in each group.
Revibration
Revibration of the cylinders was performed two 
and a half hours after the initial vibrating had 
ceased. The duration of revibration was ten minutes.
Curing
After the moulds were removed from the vibrating 
table they were covered with a wet burlap for 2^ 
hours. The concrete specimens were then removed 
from the steel moulds, labelled and submerged in a
67
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water curing tank for the required period of time.
Air Content
Air contents were measured for all the mixes 
during our preliminary vrork. A further check on each 
cylinder was performed as it was removed from the 
curing tank just before tested. Each cylinder was 
weighed allowing a determination of unit weight 
comparisons.
Testing
After the specimens were removed from the curing 
tank, they were allowed to dry in air for about 60 
minutes before being tested. During this interval 
the specimens were capped with a high-strength capping 
compound which sets to over 10,000 psi within 5 minutes. 
The specimens were then tested on a 300»000 capacity 
hydraulic compression testing machine.
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C H A P T E R  V I I
DISCUSSION OP RESULTS
The results of the experimental programme are 
presented in Tables 1 to 9 and plotted in Figures 
i to 14. The tables of results include mean values, 
percent change as compared with the standard, the 
calculated paired t-test value and a measure of the 
statistical significance of indicated differences.
Each mean value in the tables and each point on the 
graphs represents the average of six test values.
The statistical analysis used was a paired t-test 
which lends itself better to the test results than 
the common t-test.
Figures 1  to 5  show the relationship between 
strength and water-cement ratio for the various mixes 
investigated at the three test ages (7» 28 and 90 days). 
In each case, strengths produced by a mix involving 
the employment of a special technique or combination 
of techniques are compared with strengths produced 
by the standard mix. It can be seen that for all mixes 
the inverse relationship between strength and water- 
cement, as stated in Abrams' law, is obtained. It 
should be noted, in passing, that T h o m s o n ^ 5  while
69
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE 1: Summary oT 7 Day Experimental Results
Water-Cement Ratio = 0.A0
|Analysis Mean of 
Strength 
(psi)
Percent
Change
from
Standard
!■\
Paired
t-test
Value
Level of 
Statistical 
Significance
Quali­
tative
Quanti­
tative
Standard 6790
Re­
vibration
7220 + 6.33% 3.^6 signi­
ficant
5$
High-
Energy
Mixing
6620 - 2.5$ 1.^6
not
signi­
ficant
—
H.E.M.
Plus
Revib.
7120 + A. 9$ 3.23 signi­
ficant
5$
Water- 
Reducing 
Admixture 
(WRDA)
72^ -0 + 6.6$ 2 .9O signi­
ficant
5$
WRDA
Plus
Revib.
7130 + 5-0$ 2.58 signi­
ficant
5$
. 70
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TABLE 2: Summary of 7 Day Experimental Results
Water-Cement Ratio = 0.35
Analysis Mean of 
Strength 
(psi)
Percent
Change
from
Standard
Paired
t-test
Value
Level of 
Statistical 
Significance
Quali­
tative
Quanti­
tative
Standard 7*4-60
Re­
vibration
8120 +8.8^ 7.61
t
very
highly
signi­
ficant
0.1%
High-
Energy
Mixing
7190 -7.6% 1.53
not
signi­
ficant
—
H.E.M.
Plus
Revib.
81*4-0 5.73
highly
signi­
ficant
1%
Water-
Reducing
Admixture
(WRDA)
7380 -1.1% O.18
not
signi­
ficant
—
WRDA
Plus
Revib.
7210 - 7 M 0 .*4-6
not
signi­
ficant
—
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TABLE 3: Summary of 7 Day Experimental Results
Water-Cement Ratio = 0.30
j Analysis Mean of 
Strength 
(psi)
Percent
Change
from
Standard
Paired
t-test
Value
Level of 
Statistical 
Significance
Quali­
tative
Quanti­
tative
•
Standard.. 8800
1
J Re-
vibration 9250 ■r 5*11° 5.26
highly
signi­
ficant
1%
High-
Energy
Mixing.
8180 - 7.1% 2.93 signi- 
ficant
5%
H.E.M.
Plus
Revib.
9160 + if.l# if.ifif
highly
signi­
ficant
1%-
Water-
Reducing
Admixture
(WRDA)
8E70 - 3.8% 2.35 signi- 
ficant
10%
WRDA
Plus
Revib.
8370 - 9% if.11
highly
signi­
ficant
1%
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TABLE L: Summary of'28 Day Experimental Results
Water-Cement Ratio = 0.4-0
Analysis
I!
Mean of 
Strength 
(psi)
Percent
Change
from
Standard
Paired
t-test
Value
Level of 
Statistical 
Significance
Quali­
tative
Quanti­
tative
Standard 84-10
Re-
vibration 8?20 + 3-7/2 5.18
highly
signi­
ficant
1%
High-
Energy
Mixing
8170 - 2.9% 2.79 signi­
ficant
5:%
H.E.M.
Plus
Revib.. 864-0 + 2.7/2 2.63 signi­
ficant
5%
Water-
Reducing
Admixture
(WRDA)
8500 + 1 .1% 0.72
not
signi­
ficant
—
WRDA
Plus
Revib.
8690 j + 3*3$
i11
4.30
highly
signi­
ficant
1%
• 73
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE 5: Summary of 28 Day Experimental Results
Water-Cement Ratio = 0.35
f
! Analysis 
I
Mean of 
Strength
Percent
Change
from
Standard
Paired
t-test
Value
Level of 
Statistical 
Significance
Quali­
tative
Quant i- 
tativ.e
Standard 8760
Re-
vibration 9290 -r 6 .1% 3.66 
t
signi­
ficant
5%
High-
Energy
Mixing .8660 - 1.1%. 0.49
not
signi­
ficant
H.E.M.
Plus
Revib. 9420 + 7.5% 4.55
highly 
signi- 
ficant
1%
Water-
Reducing
Admixture
(WRDA)
8650 - 1.3% 0.71
not
signi­
ficant
—
WRDA
Pius
Revib.
889O + 1.5% 2.25 signi­
ficant
10%
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TABLE 6 : Summar3r of 28 Day Experimental Results
Water-Cement Ratio = 0.30
Analysis Mean of 
Strength 
(psi)
Percent
Change
from
Standard
Paired
t-test
Value
Level of 
Statistical 
Si prnificance
Quali­
tative
Quanti­
tative
3
|
Standard 10320
Re-
vibration 10610 + 2 .8 $ 5.36
highly 
signi- 
ficant
1$
High- 
Energy 
! Mixing 9970 - 3Mo. 3*58 signi- 
ficant
5%
H.E.M.
Plus
Revib.' 10?90 + k.6% ^.66
highly
signi­
ficant
1%
Water-
Reducing
Admixture
(WRDA)
10280 - 0.5^ 0.^5
not
signi- | 
ficant
—
WRDA
Plus
Revib.
(
i
IOL9O + 1*6% ^.20
highly
signi­
ficant
•
1%
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■ TABLE 7i Summary of 90 Day Experimental Results
Water-Cement Ratio = 0.40
p-
Analysis Mean of 
Strength 
(psi)
Percent
Change
from
Standard
Paired
t-test
Value
Level of 
Statistical 
Sign! f icance
Quali­
tative
Quanti­
tative
Standard 10150
Re-
vibration 10580 + 4.2$ 4.31'
I
highly
signi­
ficant
1%
High-
Energy
Mixing
10050 - 1.0$, 0.67
not
signi­
ficant
—
H.E.M.
Plus
Revib.
10470 + 3.2$ 3.57 signi­
ficant
5%
Water-
Reducing
Admixture
(WRDA)
10350 + 2.0$ 1.83
not
signi- 
ficant
—
WRDA
Plus
Revib.
10390 *r- 2.4$ 2.36 signi- 
ficant
10$
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TABLE 8: Summary of 9-0 Day Experimental Results
Water-Cement Ratio = 0.35
Analysis Mean of 
Strength 
(psi)
Percent
Change
from
Standard
Paired
t-test
Value
Level of 
Statistical 
Significance
Quali­
tative
Quanti­
tative
Standard. 10660
Re­
vibration
!
112?0 + 5»T/° 6.55
highly
signi­
ficant
1 %
High-
Energy
Mixing 10330 - 3.1# . 3.30 signi­
ficant
5%
H.E.M.
i Plus 
Revib. 11110 + 3-9^ signi­
ficant
5%
Water-
Reducing
Admixture
(WRDA)
10650 0.0 % I.09
not
signi­
ficant
—
WRDA
Plus
Revib.
10780 + 1.1# 0.99
not
signi­
ficant
—
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TABLE 9 : Summary of 9Q Day Experimental Results
VJater-Cement Ratio = 0.30
Analys i s Mean of 
Strength 
(psi)
Percent
Change
from
Standard
r — —
Paired
t-test
Value
i
Level of 
Statistical 
Sisrnif icance
Quali­
tative
Quanti­
tative
Standard
i
11620
Re­
vibration 12080 + if-.O % -4.06
highly
signi­
ficant
1 %
High-
Energy
Mixing
11160 - 4.0% 5.12
highly 
signi- 
f Leant
1%
H.E.M.
Pius
Revib.
11900 ■i- 2.4$ 4.15
highly
signi­
ficant
1%
Water-
Reducing
Admixture
(WRDA)
115^0 - 0 . 7 $ 0.78
not
signi­
ficant
—
WRDA
Plus
Revib.1
11730 + 1.0$ 2.14 signi- i 
ficant |
10%
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investigating these special techniques with mortar 
mixes had found that in most cases there was little 
difference in strengths obtained at the three water- 
cement ratios (0.31» 0-35. and 0.39)* He suggested 
that for water-cement ratios below 0.39 strength is 
more a function of degree of compaction attained than 
of the water-cement ratio of the mix. However, since 
the same compaction procedure x\Tas employed in this 
investigation as in that of Thomson's and since 
adequate compaction was obtained the results of this 
investigation suggest that proper mix proportioning 
is just as essential as proper compaction in attaining 
optimum strength levels.
Age-strength relationships for all mixes for 
each of the three water-cement ratios (0.30, 0.35 
and O.bO) are presented in Figures 6 to 14.
The effectiveness of the special techniques in 
increasing the compressive strength of high-strength 
concrete will be discussed individually in the following 
paragraphs with the aid of the tables and graphs that 
were just described.
(a) Revibration
Revibration displayed significant increases 
in compressive strength for all water-cement ratios 
at all ages tested (Figs. 1, 6, 7 and 8). Increases
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ranged from 3$ to 9% and rere most pronounced at the 
-..ater-cement ratio of 0.35 at each test age. The 
highest percentage strength increase (9>) was produced 
at the age of ? days with a water-cemert ratio of 0 .35*
( o) Hlc-h-Energy Mixing
In all cases, high-energy mixing produced lower 
strengths than those of the standard mix (Pigs. 2, 9 ,
10 and ll). In some cases, the paired t-test indicated 
that there were even significant decreases in strength. 
The tendency for this seemed to be greatest at the 
lowest water-cement ratio (0 .30) where significant 
decreases were recorded at all test ages and as high 
as 7% in one case. Significant decreases were also 
recorded for the 28 day tests at a water-cement ratio 
of 0.40 (3%) and for the 90 day tests at a water-cement 
ratio of 0.35 {?>%)•
o
It should be remembered that Bloenr obtained 
significant strength increases when applying this 
technique to concrete mixes at a water-cement ratio 
of 0.60. This fact along x^ ith the findings of this 
present investigation seems to suggest that there 
will be a cross-over point somewhere between the 
water-cement ratios of 0.40 and 0 .60, where strength 
decreases change to strength increases.
At the conclusion of our strength tests air
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contents were measured again with an sn v» meter (pressure 
type). The results did not display high air content 
readings which could have been an explanation for the 
strength decreases incurred by the high-energy mixing.
But, on the contrary, the measured air contents approached 
the design values quite closely. This was the case for 
the O.ij-O water-cement ratio mix, which was designed 
for a 2.0% air content, and which was found to have an 
air content of 2.3%
It is presently felt that the thickness of the 
water-cement slurry (especially at 0.30 water-cement 
ratio) reduced the ability of the air drill to blend 
this slurry as vigorously as in the case of the higher 
water-cement ratio of 0,60 and thus did not allow 
strength increases to occur.
(c) High-Energy Mixing Pins Revibration
This combination of zhe two special techniques 
produced significant increases in compressive strength 
for all water-cement ratios at all ages tested (Figs.
3, 9 , 10, and ll). Increases ranged from 3C/° to 9% 
and were most pronounced at the water-cement ratio of
0.35 s.t each age tested, as was the case with the 
special technique of revibration. Since high-energy 
mixing, alone, displayed either no significant changes 
or significant decreases in compressive strengths, and
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since the combination cf the two techniques closely 
parallels those results obtained by revibration alone, 
is appears that any strength increases achieved by 
this combination is achieved through the technique 
of revibration only.
(d) Wa t e r-R edu c ina Ad m1yture
•j?he utilization of an admixture (WHDA water- 
reducing admixture) had little effect in increasing 
the compressive strength of the high-strength concrete 
mixes (Pigs, b, 12, 13 and lb). In all but two cases 
the statistical analysis confirmed that there was no 
significant strength change. The two exceptions 
were the 0.30 water-cement ratio mix at ? days where a 
significant decrease occurred and the O.bO
water-cement ratio mix where a significant increase 
(?/i) occurred; also at the 7 day test-age.
Referring to Fig. b we can see that a definite 
trend was established. Strength increases were indi­
cated at the. higher water-cement ratio (0 .^ -0) but 
gave way to strength decreases at the lower water- 
cement ratio (Q.30). This trend was also-somewhat 
evident in the results obtained by T h o m s o n 3 5  which 
led him to suggest that the greatest beneficial effect 
or* water-reducing admixtures on strengths arrears to 
be in the early ages end at the higher water-cement ratios.
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It should be pointed out, at this time, that in 
Figures A, 5, 12, 13 and strengths were plotted 
using the actual water-cement ratios for the standard 
mixes and using “equivalent** water-cemen^ ratios for 
the mixes containing water-reducing admixture. Thus 
comparisons were made at the same values of water- 
cement ratios [0.30, 0.35 and CobO), when in fact the 
actual water-cement ratios differed, by 6 percent.
This method of comparison seems justified because we 
were concerned with comparing compressive strengths of mixes 
which had an equivalent workability. Thus, since the 
workability of the mixes was equivalent, the mixing 
water of the mixes was also equivalent since all other 
components were the same. This leads to the statement 
that the wa.ter-cement ratio of the mixes was "equivalent1* 
although not necessarily equal.
(e) Mater-Reducing Admixture Plus Revibratlon
The combination of a water-reducing admixture 
with revibration increased compressive strengths at 
the later ages (28 and 90 days) but did not have any 
effect at the age of 7 days (Figs. 5, 12, 13 an 1*0.
At the 7 day age the relationship between strength 
ar.d wacer-cement ratio was almost identical with 
tnose results obtained when the water-reducing ad­
mixture alone was used. However significant increases
97
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occurred at 28 days at all water-cement ratios an 
go days at water-cement ratios of 0.9-0 and C.30. 
would chus appear that any benefits derived from 
combination of revibration and admixture are due 
primarily to uhe revibration technique only.
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CHAPTER VIII 
CONCLUSIONS
The experimental programme was undertaken to 
investigate the effectiveness of two special techniques 
and an admixture in increasing the compressive strength 
of high-strength concrete,, The following conclusions 
are cased on the results of this investigation.
1. Revibration appears to be the most effective 
technique investigated. Significant strength increases 
were present at every water-cement ratio at all ages.
2*, High-energy mixing does not appear to produce 
strength increases in high-strength concrete. On the 
contrary, significant decreases were encountered at 
the lowest water-cement ratio (0 .30) at ail ages.
3. It appears that the water-reducing admixture 
can produce significant strength increases at the 
higher water-cement ratios (O.Ho) and early ages (? 
days). However, at the lower water-cement ratios 
and later ages, no significant strength increases 
were visible, but the water-reducing admixture did 
allow a reduction in mixing water {6%) while still 
achieving strengths equivalent to that of the standard 
specimens. This could be an important consideration 
if shrinkage and impermeability were significant 
factors to be considered.
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significant increases produced by the combin­
ations of revibration with high-energy mixing and with 
water-reducing admixture were primarily due to the 
effect of revibration only.
5. Abrams water-cement ratio law appears to be valid 
for ' gh-strength concrete with water-cement ratios 
between O.bo and 0.30 by weight.
6. High-conpressive strength concrete (10,000 psi
or higher at 90 days) can be produced at water-cement 
ratios in the range of 0.30 to 0.^0 without using 
any special techniques or admixtures, but simply 
by applying the known principles of good mix propor­
tioning, plus proper care in mixing, placing, compacting 
and curing.
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TABLE 1
CHEMICAL AND PHYSICAL TEST tiESULTS FOR LAKE ONTARIO
NORMAL PORTLAND CEMENT
CHEMICAL ANALYSIS
C^S 5^%
C2S 22%
C^A 10/i
C^AF 6%
PHYSICAL TESTS
Blaine Fineness
Fineness, sq. cm./gm. 38l6
Soundness
Autoclave Expansion, 0.12%
Time of Set, Gillmore Needle
Initial, hr. : min. 2:2.5
Final, hr. : min. E:00
Compressive Strength, psi
1 Day 1^91
7 Days 2257
IE Days 379^
23 Days A375
Normal Consistency, % 2E.0
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APPENDIX A
PROPERTIES 0? PARIS SAND
Specific Gravity, Bulk Dry: 2.65
Fineness Modulus: 2.79
Gradation: See Fig. 1, Appendix A.
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APPENDIX A
PROPERTIES OF DUNDAS DOLOMITE COARSE AGGREC-ATE
TYPICAL PETROGRAPHIC CHARACTERISTICS*
Structure: Random, relatively frequently stylolitic;
vuggy.
Texture: Uniformly fine grained (microcrystalline),
single grains (in various numbers) meso- 
crystalline, rarely xryptoorystalline. 
Suhedral to subhedral*
Composition: Particles Dusty Coating
(in percent)
Dolomite 99*1 95*9
Quartz .3 1.5
(authigenic)
Feldspar X .3
Clayey material
and organic matter .^  .7
Pyrite X X
Limonite X .3
Sulphate .1 .9
Accessory Minerals X .it-
Accessory minerals: Chert, aaphibole, pyroxene, garnet,
zircon.
X - amounts less than 0.1 percent.
Classification: Dol omi te
Provided by Dr. L. Dolar-Mantuani,
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TABLE 3
B. OTHER PHYSICAL PROPERTIES
Specific Gravity, Bulk Dry: 2.6?
Dry-Rodded Unit Height, lb./ft.-^: 98. 2
Gradation:
Sieve Analysis
Sieve Weight 
Retained 
(gm.)
-Accumulative
Percentage
Retained
Ac cum. 1.1 lat i ve
Percentage
Passing
3/8*' 181 9.05 91.00
No. it 13^2 76.15 23.85
No. 8 301 91.12 8.88
No. 16 158 99.10 0 • O
Pan 18 100.00
!
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■TEST BATA SHOWING THE EFFECT OF REVlBRATION
WATER-
CEMENT
RATIO
BATCH
NO.
| STANDARD 
COMPRESSIVE STRENGTH
REVIBRATION 
COMPRESSIVE STRENGTH
{
7 DAY [28 DAY
j
190 DAY 7 DAY 28 DAY 90 DAY
1 7070 | 8840
i
110040 7210 9020 10680
2 6480 8060 t!03306 7110 8590 10710
0.40
3 7050- 8590- [lOllO 7110 8810 10360
if 7210 8380 |10250 7500 8800 10500
5 6640 8490 j10150 7420 8660 10400
6 6260 8100 '110010 6970 8420 10820
l 7070 8340 . 10950 7470. 8520 11810
2 7190 9190 10930 7690 9440 11460
0.35
3 7710 8800 . 10640 8530 9760 11420
4 7S9O 9020 10500 8490 9370 10790
5 7470 8800 10610 8200 9260 11030
6 ' 7390 8380 10330 8320 9370 11080
1 8740 10180 11530 9300 10250 11990
1i 2 9230 10540 11670 98OO 10790 12550
0.30 I 3 8550 10040 11280 92o0 10290 11920
| h> ‘8600 10400 11780 8840 10750 12130
< 1
i»
8840 10430 11560 9260 IO89O 11630
?
. i
1
5 i i 1
8880 10330 11880 9O6O 10680 12270
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APPENDIX B
TEST DATA SHOWING THE EFFECT OF HIGH-ENERGY MIXING
WATER-
CEMENT
RATIO
BATCH
NO.
STANDARD 
COMPRESSIVE STRENGTH
HIGH-ENERGY MIXING 
COMPRESSIVE STRENGTH
7 DAY 1 28 DAY 90 DAY 7 DAY 28 DAY 90 DAY
0.40
1 7070 8840 10040 7330 8770 9870
2 ON •t- 00 0 8060 10330 6220 8000 10250
3 7050 8590. ‘ 10110
0COUNVO 8490 10150
4 7210 8380 10250 6860 8100 9720
5 6640 8490 10150
c
6500 7890 9790
6 6260 8100 ' 10010 6190 7780 10500
0.35
!
!
1 7070 8340 10950 7070 8950 11030
2 7190 9190 10930 7610 8770 10750
3 7710 8800 j 10640 7050 9190 10080
4 7890 9020 | 10500
i
7250 9160 10010
5' 7470 8800 10610 7040 8170 10290
6
7 3 9 0 8380 10330 7140 7710 9790
j
! 1 8 740 10180 11530 8000 9940 11070
0.30
2 9230 10540 11670 8740 9760 IO99O
3 8550 10040 11280 7820 9550 10640
4 8600 10400 11780 8910 10110 11280
5 8840 10430 11560 8000 10250 11530
6 8830 10330 11880 7640 10180 11420
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TEST DATA SHOWING THE EFFECT OF H.E.M. PLUS REVIBa ATION
|WATER- 
!CEMENT 
RATIO
BATCH
NO.
\ s
COMPRES
TANDAED 
SIVE STRENGTH
H.E.M. PLUS REVIB. 
COMPRESSIVE STRENGTH
7 DAI I 28 DAY[ 90 DAY
7 F T 28 DAY 90 DAY
1 ?0?0 8840 10040 7430 8870 10470
2 6480 8O0O
!
10330 6640 8590 10640
0.40 3 7050 • 8590 10110 7140 8660 10330
4 7210 8380 10250 7640 8490 10430
5 6640 8L90 10150 7000 8660 10250
6 6260 8100 10010 6860 8560 10680
1 7070 8340 109.50 816O 9370 11670
2 7190 9190 10930 7690 9940 11210
0.35•
3 7710 8800 10640 7960 9760 10820
4 789O 9020 10500 8770 9190 10680
5 7470 8800 10610 8240 9580 11320
6 7390 8380 10330 8020 8660 IO96O
1 8740 10180 11530 8940 10470 12060
■ 2 9230 10540 11670 9760 11170 12090
0.30 |
!5
3 8550 10040 11280 8880 10330 11530
A 8600 10400 11780 9260 11210 11920
: 5 8840 10430 11560 9990 10820 11780
ir \ O j
__, 1
3880 | 
....J
10330 11880 90 50 10710 11990 ]
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TEST DATA SHOWING- THE EFFECT OP WATER-REDUCING ADMIXTURE
WATER-
CEMENT
RATIO
:
1 BATCH 
NO.
STANDARD 
COMPRESSIVE STRENGTH
WATER-REDUCING ADMIX. 
COMPRESSIVE STRENGTH
7 DAY ! 23 DAY 
1
190 DAY 7 DAY 28 DAY 90 DAY
j. ?0?0i
| 8890 j 10090 3030 9250 10250
2 | 6980 8060 | 10330
t
6790 8550 10790
0.90 3
7050 859O. 1 10110 
!
7500 8380 10080
I 4 7210 8380 10250 70?0 8350 10900
i 5 6690 8*4.90 10150*
696O 8990 10010
I 6 6260 81OO ■ 10010 7090 7980 10570
1 7070 8390 10950 755-0 8560 11290
2 7190 9190 10930 7210 9120 10790
i 3 7710 8800 10690 7900 9160 109?0
0.3 5
if 7890 9020 10500 7550 8920 10930
3S 5 7970 8800 10610 7920 C
O 0\ 0 10900
6 7390 8380 10330 7190 8100 1055-0
1 8790 10180 11530 8950 10180 11630
• 2 9230 105*10 11670 9970 10750 11 ?90
0.30
3 8550 10090 11280 8130 10080 11210
8600 !
j
10900 11780 8200 IO29O 11920
5 3890 10930 11560 8530 10090 11350
6
..  i
383 0 ]10330 11880 8000 10360 11390
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APPENDlX B
TEST DATA SHOWING- THE EFFECT OF W.R.D.A. PLUS REVIBRATION
1
|WATER- 
1 CEMENT 
jRATIO
BATCH
NO.
j
1 STANDARD 
COMPRESSIVE STILENGTH
WRDA PLUS REVT BRA.TION 
COMPRESSIVE STRENGTH
7 DAY 28 DAY S9O DAY 7 DAY 28 DAY 90 DAY
f
1 7070 8840 1 10040c 7190 9340 10010
I5
7
t
i
2 6480 8060 10330 669O 8450 10640
j 0.40 3
?050 8590. ■ 10110 7110
0r^»0-
00 10250
t
i
{
4 7210 8380 10250 7410 8520 10500
5 6640 8490 10150 7390 8630 10250
6 6260 8100 • 10010 6970 8450 10710
I 7070 8340 10950 7710 3420 11210
2 7190 9190 10930 7250' 9190 10860
0.35 3
7710 8800 10640 7430 8880 10330
4 7890 9020 10500 7710 9050 liooo
5 7470 8800 10610 69OO 9020 10640
6 7390 8380 10330 7260 8770 IO69O
1 8740 10180 11530 8550 10360 11740
. 2 9230 10540 11670 8810 10680 11700
0.30
3 8550 10040 11280 8280 10360 11350
t 8600 10400 11780 8310 10400 12090
5 8840
10430 11560 7890 10500 11630
\
i
---------L
6 8880 {
10330 11880 836O 10610 11850
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